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Abstract

The crystal barrel experiment in Bonn, Germany gets an upgrade of its read-

out electronic. A new preamplifier for avalanche photo diodes (APD), intended to

replace the existing PIN diodes, was designed at the university of Basel. Before it

can be installed on the crystal barrel, each piece has to undergo certain tests to

ensure its functionality. The goal of this project thesis is to build an FPGA based

pulse generator which is able to generate signals similar to the signals from an

APD. The following parameters should be adjustable to generate these pulses:

The pulsewidth, the amplitude, the number of pulses and the frequency of repe-

tition. In addition there should be the possibility to generate a trigger signal of a

defined width. The delay between the trigger and the pulse should be adjustable.

All parameters are to be settable via a GUI (graphical user interface).
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1 MOTIVATION

1 Motivation

The crystal barrel experiment in Bonn, is a 4π detector consisting of 1230 cesium

iodide (CsI(Ti) with a radiation length of 16.1) scintillation crystals, pointing towards

the target located in it‘s center [1]. It is assembled out of 21 rings, from 30 crystals

per ring for the smallest up to 60 for the largest. It covers an angular range of 97.8%.

This detector was originally built at the CERN in Geneva and was used in the LEAR

(Low Energy Antiproton Ring) experiment. In the LEAR experimental setup the crystal

barrel was inside a 1.5T magnetic field, which rendered the use of PMTs impossible.

Therefore it was decided to use PIN diodes as photon detectors. Mounted on each

scintillation crystal, there was a wavelength shifting plastic layer with the PIN diodes

laterally attached to it [3] (see figure 1, left).

Figure 1: Left: Old readout electronic with a PIN diode and a wavelengthshifter. Right:

New readout electronic with two APDs and the preamplifier (HV-controller and base

plate are missing).

The crystal barrel was installed at LEAR in 1989 and it‘s PIN diodes are quite

outdated. A replacement with APDs (avalanche photodiodes) promises several im-

provements: A wavelengthshifter would be obsolete, the trigger efficiency for neutral

particles would be improved, low energy trigger thresholds and fast signal in timing

channels would be possible. The high energy resolution would be kept too [2].

With the old readout setting it was not possible to use the crystal barrel as a first

level trigger. This means, that one had to decide on the base of faster subdetectors

whether an observation had fulfilled certain requirements. After 300ns the decision,

whether the crystal barrel data should be taken or not, had to be made. Using the

crystal barrel as a first level trigger would allow to detect reactions which were not

possible to observe with the current trigger setting. It was shown that it would not

be possible to have a fast enough trigger with PIN diodes. With APDs on the other
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2 THE LOW NOISE LOW POWER CONSUMPTION
PREAMPLIFIER SP917E

hand it would be possible to achieve a time resolution of 1.4ns at energy depositions

of 130MeV which would allow the use of the whole detector as a first stage trigger [4].

For these reasons, it was decided to perform an upgrade of the readout technique

of the crystal barrel, i.e. switch from PIN diodes to APDs. Both APDs and PIN diodes

are using the inner photo effect. When a photon hits the intrinsic layer (I-layer), a photo

electron - hole pair is generated and travels, due to the electric field between the P-

and the N-layer, towards the poles (P- respectively N-layer). This current can be mea-

sured and is proportional to the number of incoming photons. A PIN diode, as its name

implies, consists of a P-layer (positively doped) followed by an I-layer (electrically neu-

tral) and a N-layer (negatively doped). An APD has a very similar structure. It has

an additional P-layer between the I-layer and the N-layer. This P-N-junction creates a

very strong electric field in a tiny range. When a photo electron drifts in this multiplying

region, it gets accelerated and creates an avalanche of addition electrons - hole pairs.

This means a signal amplification inside the diode. By applying a reverse bias voltage

it’s possible to increase the gain up to a few hundred. Quantum efficiency up to 80%

are achievable at the peak wavelength, around 500-600 nm [6].

The signal from an APD (type: S8664-1010 by Hamamatsu [2]) is still very small

and needs therefore an amplification in order to transmit it to the DAQ system. This

amplification is done by a preamplifier designed by Michael Steinacher of the university

of Basel. The new architecture of the readout electronic consists of two APDs, a two

channel preamplifier (see figure 1, right), a high voltage controller and a base plate

to control them. The goal of this project thesis is to generate pulses by which the

preamplifier‘s reaction can be measured. This pulses have a rectangular shape and

thus have to be sent through a coupling network. This network (see figure 19) reshapes

them into a form which is similar to the pulses from an APD. The generator should be

able to produce pulses of defined widths, amplitudes and frequencies. In order to

digitalise them, an optional trigger signal should be generated.

2 The Low Noise Low Power Consumption

Preamplifier SP917e

The piece of hardware which is about to be tested is a dual channel, low noise and low

power consuming preamplifier (LNP). Its purpose is to amplify charge pulses from an

APD. It’s built of a rigid PCB which is holding the electronic components. It is connected

to a flexible and conducting ribbon leading again to a rigid PCB with mountings for two
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4 SOFTWARE

APDs. The supply voltage is +8V and -2V. Due to its low quiescent current (14 mA at

+8V and 6 mA at -2V) it has a quiescent power dissipation of only 124 mW. It provides

input pins to apply a high voltage up to +500V, which gets filtered, to bias the APDs.

Two lines are available to mount a termistor close to the APDs in order to have a

temperature feedback. The whole preamplifier has a weight of only 6g [5].

3 The Test Setup

After the manufacturing of the preamplifiers, they have to undergo several tests to make

sure they can be installed on the crystal barrel experiment. The following key data is

intended to be collected and stored in a database.

• Linearity, decay time, resolution and stability of the amplified pulses

• The gain of the preamplifier

• The power consumption of the preamplifier with and without incoming pulses

• Capacitors, resistors and the leakage current of the preamplifier‘s HV-branch

• The connection designated for the termistor

The plan is to construct a test bench where each preamplifier can be inserted to pass

through a test routine which will check all the points mentioned above. The collected

data should then be analyzed and uploaded to a database. Each preamplifier will get

a unique serial number, which allows to query the measured key data.

The control of the high and low voltage sources is done by Daniel Regenass, the

data analysis by Timo Gasser and the pulse generation by me.

4 Software

The software part consists of two parts. The FPGA code is written in Verilog using the

ISE integrated development environment from Xilinx. The controller class and the GUI

is written in C++ using the ROOT library from CERN and the GNU g++ compiler. In the

following section these two parts will be explained in detail.
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4.1 The FPGA program 4 SOFTWARE

4.1 The FPGA program

To write a program on an FPGA chip there are several steps required. First a UCF (user

constrain file) is needed. This file defines which physical input/output port is connected

to which port in the software. For example:

NET ”mclk” LOC = M6;

Here the physical clock on the FPGA‘s pin M6 is connected to a software pin “mclk”.

Each input and output has to be defined in such a way. The actual program can be

divided into several modules, each having inputs and outputs. In this case every state

machine lives in its own module. Verilog knows only two types of variables: Wires and

registers. A wire can connect different pins or registers, but it cannot hold a value. Reg-

isters on the other hand can be defined of several lengths and they can store a value.

In order to exclude a case in which two processes try to write into the same register

simultaneously, each register is bound to a certain process, i. e. a state machine. If

another process needs to read out the value of this register, an array of wires can be

connected to it. This allows a read only access to the register. Due to the nature of an

FPGA, all processes consist of state machines (see below).

The compiling process consists of a couple of different steps:

1. Synthesize:

XST (a sub process of ISE) checks the syntax of the code. If the code is valid

it gets analyzed in more detail. XST tries to recognize specific building blocks

and macros (i.e. multiplexer, ram, adder, multiplier and state machines) for im-

plementing them in the most efficient way. After that, the low level optimization

starts: XST optimizes the implementation to a specific hardware, in this case the

FPGA chip. The synthesize process generates a NGC file containing the imple-

mented design, a NGR file containing a schematic of the design and a log file

[7].

2. Translate:

The generated NGC file is merged with the UCF file and translated into a Xilinx

Native Generic Database (NGD) file.

3. Map:

ISE checks if the NGD file is compatible to the logic of the designated FPGA chip.

If it’s valid, a Native Circuit Description (NCD) file is generated.
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4.1 The FPGA program 4 SOFTWARE

4. Place & Route:

As the name suggests, this step determines where on the FPGA chip the design

should be placed and how all necessary wires are routed. This information is also

stored in the NCD file.

5. Generate program file:

Finally, ISE takes the NCD file containing all the information and data of the de-

sign and generates a bit file, which can be read from the FPGA chip. To transfer

this file to the FPGA chip, ISE offers a program called Impact. Impact searches

the USB ports for the FPGA board and allows to program it with the generated

bit file. It can also generate a MCS file, which can be transferred to the PROM.

If a bit file is written to the FPGA chip, the program will work as long a the chip

is supplied with power. Switching the power off and on again will cause the pro-

gram to not being present anymore. Therefore a PROM is attached to the PPGA,

allowing to reload the program to the chip whenever the power is switched on [8].

4.1.1 Finite State Machines (FSM) and State Diagrams

Compared with a CPU on an FPGA sequential programming is not applicable. A CPU

processes a program step by step (i. e. sequentially). On every tick of the main clock,

it does one operation at the time and stores the result for the next step. Different opera-

tions (e. g. addition, subtraction, multiplication and division) are done in the same unit,

depending on the instruction of the program. An FPGA lacks of this unit. It consists

of many digital gates and flip-flops (see section 5.1.1) and therefore another program-

ming paradigm is needed.

The concept of state machines comes from the digital circuit design. Such a ma-

chine consists of inputs, outputs, a combinatorial logic and some flip-flops to store the

current state. There are two fundamental types of synchronous state machines: The

Moor machine and the Mealy machine. In a Moor machine, the combinatorial logic

takes the input and the current state to determine the next state. On every clock tick,

the next state is written into the flip-flop and becomes the current state. The output

of this state machine depends only on the current state and is generated in an output

combinatorial logic. In some cases the current state is directly used as the output.

The timing behaviour of this kind of state machine is thus very predictable. The out-

puts may only change once per clock period. In a Mealy machine, the combinatorial

logic takes the input and the current state to determine the output. The next state is

determined independently of the input and gets updated on the tick of the clock. The
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timing behaviour of such a machine is not that easy to predict. The output may change

whenever the input changes or the clock ticks. Sometimes an uniform timing behaviour

is not that important and therefore a Mealy machine is used to achieve higher clock

rates. Mostly the synchronicity is crucial what calls for Moor machines to be the right

choice. Actually also hybrids of the two concepts are possible [10]. In this pulse gen-

erator application the Moor machine is used exclusively.

To design a state machine, it is usually a good idea to first draw a state diagram.

One has to decide what the machine should be capable of doing and whichever states

are needed. A state is represented as a circle. In the next step, the conditions defin-

ing whether the machine can switch from one state to another have to be figured out.

This conditions are represented by an arrow. The conditions are always determined

by a Boolean expression. The state machine will check on every clock tick, whether a

condition for a state change is fulfilled. Sometimes the machine can go directly into the

next state, but in other cases something has to be done before the transition (e. g. a

counter has to be reset). This cases are represented as a box. When the state diagram

is finished, one should check whether it is possible for the machine to get stuck in a

certain state. If there are no errors the diagram can be translated into a program code.

One state machine can usually do only simple tasks, especially in comparison to a

CPU. But if many state machines run simultaneously, even complex tasks are possible

at the full speed of the clock. Another advantage is, that these machines can run truly

parallel (no multithreading) on one FPGA chip.

4.1.2 The Frequency Divider - module scaler

Modules like the RS-232 sender and receiver as well as the SPI-DAC need a specified

clock frequency. This task is done by a frequency dividing state machine as shown in

figure 2. The inputs of this modules are the main clock wire (clk) and a dividing register

(divider). Its output wire is the down scaled clock (newclk). A 14 bit register is used as

a counter.

In the beginning of a cycle, the machine is in the state scaler low. When clocked,

the counter is set to the value 2 and the machine switches to the state scaler up. On

every clock pulse the counter is increased by 2. As long as the counter‘s value is less

than the divider‘s, the machine stays in this state. If the counter is greater or equal to

the divider, the machine switches to the state scaler high. On the next clock pulse the

counter is again set to the value 2.
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4.1 The FPGA program 4 SOFTWARE

Figure 2: State diagram of the frequency divider

The counting process starts again, but this time trough the state sacler down until

scaler low is reached.

The newclk wire is connected to the first cell of the the state register. Thereby

it is set to LOW in the states scaler low and scaler up and to HIGH in the states

scaler high and sacler down. The main clock as well as the down scaled clock have

a duty cycle of 50%. With this scaler and its 14 bit counter you can divide by factors

between 4 and 16383. This results in a frequency range from 8.118 kHz to 33.25 MHz.

4.1.3 The RS-232 protocol

To communicate between the pulse generator and a computer, a RS-232 interface is

used. That is because this interface is relatively easy to implement on the hardware

side as well as on the software side. Although it is a quite old system it’s still used for

automation and steering processes. With a USB-to-serial converter it can be used with

any modern computer.

RS-232 is a serial communication protocol, transmitting the data in the ASCII for-

mat. Each data packet consists of 8 bit ( = 1 byte/ 1 char) as well as a start bit and

one or two stop bits. This protocol uses asynchronous transmission, meaning there is

no clock wire distributing the timing information. Each communication partner needs

to generate it‘s own clock signal and in order to be able to send and receive data, all

clocks must generate the same frequencies. This kind of communication protocols are
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therefore not convenient if data has to be transmitted very fast and in big quantities. But

on the other hand, their advantage is that no special shielded wires are necessary. In

this application, only steering signals have to be transmitted and therefore the available

speed is sufficient. Whenever the sender sends a data package, the receiver synchro-

nizes it‘s clock by the means of the start bit. The clock thus doesn’t need to be very

stable and accurate. It is sufficient if it’s stable over the 10 bit transmission period, then

it can be resynchronized again. The most popular rates are 300, 1200, 2400, 4800,

9600 and 19‘200 baud ( = clock periods per second). But higher rates from 38‘400 up

to 115‘200 are also possible.

Originally RS-232 was using an alternating current signal (20mA to 60mA) to trans-

mit the data. This technique is called “current-loop” signaling and leads to rather small

baud rates. Since the RS-232C standard from 1969, voltage signaling is used. A volt-

age between +5V and +15V indicates a logic HIGH state and voltages between -5V

and -15V a logic LOW state. The maximal slew rate is defined as 30 V
µs and a sender

must be capable of driving a load from 3kΩ to 7kΩ. For a basic RS-232 communica-

tion three wires are needed: Rx (receive) for the incoming data, Tx (transmit) for the

outgoing data and GND as a voltage reverence. When connecting two devices, the Tx

pin of device one is connected to the Rx pin of device two and vice versa. The GND

pins are tied together to generate a common ground. In more complex setups there are

also hardware handshake and data flow indication lines available. In this application a

simple 9-pol D-sub 1:1 cable is used to connect the pulse generator with a computer.

One has to pay attention to use a null modem cable (meaning Rx and Tx commutes)

because there are several RS-232 cable with different pin configurations available, and

they look all the same [9].

4.1.4 The RS-232 Sender - module uart sender

This module contains a state machine to send data trough a serial port. As inputs this

module takes a main clock wire (clk), a send-flag wire (send) and a 8 bit data register

(data). Its outputs are a status wire (status) and the transmission register (Tx). Fur-

thermore there is a clock divider, that generates a 9600 Hz clock signal (Baud8Clk)

and a 4 bit counter (counter).

The state machine is initially set in the state sender idle until the send-flag is put up.

In this case the counter is reset to zero and the machine goes to the state sender wait.

It stays there until the Baud8Clk switches to HIGH. If the counter is equal to zero,

the machine will switch to the state sender start. As long as the Baud8Clk is HIGH,
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Figure 3: State diagram of the sender

the transmission register is set to LOW. The transition of the Baud8Clk to LOW will

cause the machine to increase the counter and go to the state sender wait. In the

next 8 cycles of the Baud8Clk it will alternate between the states sender wait and

sender send. The data from the data register will be transmitted LSB first. After every

cycle the counter will be increased by one. When it reaches the value of 9, it will cause

the state machine to switch to the sender stop state. There it will set the transmission

register to HIGH. With the transition of Baud8Clk to LOW, the machine switches to the

sender idle state. It is now ready to send another byte. The status wire (status) of the

machine is connected to the inverse of the third cell of the state register.

4.1.5 The RS323 Receiver - module uart receiver

In this module, a state machine reads serial data from an input line (Rx). It has a main

clock input (clk) and status wire (status) output. The read data is written in the 10 bit

data output register (data). The receiver expects 9600 bit/s as input baud rate. Every

bit is eight times sampled. This results in a clock frequency of 76800 Hz generated by

a divider and connected to the Baud8Clk wire. All 8 samples of every bit are stored in

a register (bit data). Also there are two 4 bit counters: sample cnt counts the samples

and bit cnt counts the read bits. To determine the beginning of a transmission, a so

called edge detector is used. It’s a 4 bit shift register updated on every main clock

pulse. If the Rx line was HIGH for two strikes and then changed to LOW for two addi-

tional strikes, this is interpreted as a start signal.
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Figure 4: State diagram of the receiver

When an edge is detected, it causes the state machine to reset the sample counter

(sample cnt) as well as the bit counter (bit cnt) and to go from the state receiver idle

to receiver acquire. When the Baud8Clk goes to HIGH, the machine will switch

to receiver read and reads one sample in the bit data register. It will then continue

to the state receiver inc sample and stay there until the Baud8Clk switches back to

LOW. This transition will cause the machine to increase the sample counter by one

and change back to the state receiver acquire. When 8 samples are read (i.e. sam-

ple cnt == 8) it switches to the state receiver sample. There the fourth entry of the

bit data register is saved in the data register and the machine moves to the state re-

ceiver inc bit. From there it switches back to the receiver acquire state, resetting the

sample counter (sample cnt) and increasing the bit counter (bit cnt) by one. When 10

bits are read (i.e. bit cnt == 10) the machine returns to the receiver idle state waiting

for the next transmission. The data register (data) contains now 8 bit ( = one byte) of

data (LSB first) as well as a start and a stop bit. This allows a verification of the read

transmission. In a legit transmission the first bit is equal to zero and the last one is

equal to one. The status wire is connected to the fifth cell of the state register.

4.1.6 The Max5216 SPI DAC - module max5216

The control of the DAC, that defines the pulse’s amplitude is done in this module.

As inputs it takes the main clock (clk), a start -flag (start) and an amplitude register

(ValAmp). Additionally there is a register (ValPOD) which stores, how much time it
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Figure 5: State diagram of the max5216 DAC

takes for the DAC voltage to settle. The outputs are the following: A register to enable

the max5216 chip (cs), a serial clock signal (sclk) and a register to send serial data to

the chip (mosi). There’s also a status wire (status).

In order to communicate with the max5216 chip a SPI interface is required. This

means, that after enabling the DAC with the chip select signal (cs), a sequence of 24

bits is shifted with a defined clock signal (sclk) through the serial output (mosi) into

max5216 chip. If the serial clock is HIGH, the data is shifted into the chip. Therefore it

is necessary, that the data is loaded into the shift register, as long as the serial clock is

LOW. The 24 bit data sequence is defined as follows: The first two bits represent the

start signal. The following 16 bits express the value of the amplitude. The last 6 bits

are not used and therefore set to zero.

The SPI state machine resides in the state max5216 idle until the start flag is

put up. In this case the counter (cnt) is reset and the machine rests in the state

max5216 cs enable till the serial clock goes to HIGH. The state max5216 wait is

always occupied when the serial clock is on HIGH. This allows the chip to read out the

serial register. If the counter‘s value is below two and the serial clock is on LOW, the

machine switches to the state max5216 start. In the first visit of this state the chip

select register (cs) is set to LOW to activate the Max5216 chip. The serial register is

set to the first start bit. With the transition of the serial clock to HIGH, the counter is

increased and the machine returns to the state max5216 wait. On the next LOW of

the serial clock, the machine returns to max5216 start setting the serial register to
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the second start bit. Once the start sequence is sent, the machine writes the data se-

quence bit wise to the serial register. It does this on every alternation of the serial clock,

respectively in the state max5216 send data. When the data is sent, i. e. the counter

has reached the value of 18, the machine switches to the state max5216 send tail.

For the next 6 serial clock cycles, the value zero is written into the serial register. After

a full 24 bit word is sent to the Max5216 chip, the state machine goes to the state

max5216 cs disable and resets the counter. There the chip select register (cs) is set

to HIGH, indicating that the transmission is finished and causing the DAC to set it’s volt-

age to the requested value. The machine resides in this state as long as it takes for the

counter to reach the value of ValPOD. Once this has been achieved, the DAC should

have settled on the right voltage and the machine can return to the max5216 idle state.

The status wire is connected to the fourth cell of the state register.

4.1.7 The Command Parser - module command parser

Figure 6: State diagram of the command parser

This module is the main part of the FPGA program. It combines all the prior de-
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scribed modules and controls the pulse generator. Its state machine listens to the

RS-232 receiver for commands and transacts them. If a valid command is received,

the machine returns it and attaches the answer chars. This allows to check whether the

command is properly parsed. Directives and status requests consist of only one capital

letter. To set a certain value, a capital letter, followed by two value chars, is to be sent.

All settable values are 16 bit unsigned words. Each value is sent in two packages of 8

bit unsigned chars. The first package (MSB) is shifted by 8 bits before it’s written into

the appropriate register. The second package (LSB) is written directly into the register.

Table 1 lists all possible commands and their meaning.

As inputs, this module takes the main clock (clk), the status of the pulse generator

state machine (pulser status) and a wire to the read register of the RS-232 module

(rx). The outputs are the following: The input wire to the RS-232 module (tx), two reg-

isters holding the start and kill flag of the pulse generator (start and kill) and a status

wire (status). Furthermore there are six 16 bit registers (ValPls, ValCnt, ValDly, ValTrg,

ValAmp and ValPOD) and one 21 bit register (ValTau) for the settable values . To com-

municate with a computer, there is an implementation of the modules uart sender and

uart receiver.

Figure 6 shows the state diagram of command parser. A blue arrow indicates a

sending process. When two states are connected with such an arrow, the machine

puts a send flag up and switches to the state parser send. The destination state is

stored in the register next state and the value designated to send is written into the 8 bit

register Out byte. As long as the state of the module uart sender (send status) is HIGH

(meaning it is sending) the machine resides in the parser send state and the send flag

is put down. The transition of the send status to LOW causes the state machine to go

to the state stored in the next state register. On the other hand a red arrow indicates

a receiving process which works very similar to the prior described procedure. The

machine stays in the state parser read until the status of the uart receiver has switched

from HIGH to LOW. If the start and stop bits are detected correctly, the read value is

stored in the In byte register. Otherwise the In byte register is filled with zeros. Finally

the machine switches to the state stored in the next state register.

While staying in the state parser idle the command parser waits until the status

of the uart receiver goes to HIGH, indicating that a new command is being sent. It

then will reset all counters and when the reading process is done, transits to the state

parser parse. In this state the read command is analyzed what will decide to which

state to go next. If the command is unknown it will be sent back and the machine
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Command Meaning Answer Description

B Start pulsing Bs s describes the status and

can either be ”R“ for

running or ”I“ for idling

K Stop pulsing Ks See above

R Brief status Rs See above

Axx Set amplitude Axx Sets the 16 bit value xx

for amplitude of the pulse.

Txx Set tau Txx Sets the 16 bit value xx

for tau (= 1
frequency ).

Dxx Set delay Dxx Sets the 16 bit value xx

for the delay between

the trigger and the pulse.

Gxx Set trigger width Gxx Sets the 16 bit value xx

for the trigger width.

Pxx Set pulse width Pxx Sets the 16 bit value xx

for the pulse width.

Oxx Set power on delay Oxx Sets the 16 bit value xx

for the settling time

of the DAC

Cxx Set count Cxx Sets the 16 bit value xx

for the number of pulses

S Detailed status Sttppccddggaaoos Allows to read

out all settable

values and the status of

the pulse generator.

Table 1: List of possible commands for the pulse generator

returns to the state parser idle. If a value set command is received (i. e. A, T, D,

G, P, O or C) the state machine switches to the state parser read b1. The current

command is saved in the register Tmp byte and as well sent back to the computer for
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validation. The state parser read b1 is occupied until the first 8 bit are received. On

one hand they are shifted and stored in the register ValIn, on the other hand they are

returned to the computer. In the state parser read b2 the second 8 bits are proceeded

in the same way only that they are not shifted. The register ValIn contains now the full

16 bit value designated to write in the appropriate register. This is done in the state

parser save val according to the command stored in Tmp byte. An exception forms

the value for tau which is shifted by 5 bits to extend the frequency range (see below).

The state machine can now return to the state parser idle and is ready to parse the

next command.

If the command for the detailed status request is parsed, the machine returns it and

the status states will be successively occupied. These states are: parser sendT,

parser sendP, parser sendC, parser sendD, parser sendG , parser sendA and

parser sendO. All of this states work in the same way: If the counter parser cnt is

equal to zero, the machine will send the bits 15 to 8 (MSB) of the corresponding reg-

ister and increases the counter. If parser cnt is equal to one, the bits 7 to 0 (LSB)

will be sent. Before transiting to the next state the counter parser cnt is reset. When

the machine has reached the state parser sendS it will check the status of the pulse

generator (pulser status) and return its status: R if it’s running and I if it’s idling. Now it

can return to the state parser idle.

If the command for the brief status request is parsed, the machine will return it and

directly go to the state parser sendS only sending the pulse generator’s status.

If a directive command is parsed (i.e. B or K), the machine returns it and switches

to the state parser change stat. There it will be checked whether a status change is

needed. If the pulse generator is running and the B command is received or the gen-

erator is idling and a K was sent, no change is requested. In this case the machine will

go to the state parser sendS returning the current status of the pulse generator and

then go back to parser idle. If a change in the status of the generator is needed, the

machine will put up the corresponding flag (i.e. the start flag for B or the kill flag for K)

and go to the state parser change done. It will stay there as long as it takes the pulse

generator to transact the status change. When the change is done, it will put the flag

down and switch to the state parser sendS to return the new status of the generator.

Then it returns to the state parser idle. The status wire of the command parser state

machine is connected to the sixth cell of the state register.

The main clock on the FPGA ticks at a frequency of 133 MHz which leads to a

minimal time step of ∆t = 1
133·106 Hz = 7.518796 ns. With a 16 bit counter register the
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possible frequency range is the following:

f 16 bit
max = 133MHz

f 16 bit
min =

133MHz
216 − 1

= 2029.44Hz

For the application as a pulse generator, simulating pulses from the crystal barrel ex-

periment, lower frequencies are desirable. Instead of using a 16 bit register, a 21 bit

register for the period tau is used. The 16 bit value sent from the computer is therefore

shifted by 5 bits creating a more reasonable frequency range:

f 21 bit
max =

133MHz
25 = 4156.25kHz

f 21 bit
min =

133MHz
221 − 25 = 63.42Hz

The cost of this bit shift is the resolution in the frequency. But as shown in figure 7 it is

still quite reasonable.
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Figure 7: Frequency steps as a function of the bitshift
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4.1.8 The Pulse Generator

Figure 8: State diagram of the pulse generator

This state machine generates the pulses according to the values, set from a com-

puter via the RS-232 interface. It is located on the top level of the FPGA code and

implements on the one hand the command parser module and on the other hand the

SPI interface to the Max5216 DAC. All real inputs and outputs are defined on this top

level: The main clock input (mclk) is connected to the port M6 which is the output of

the 133MHz crystal oscillator. The Basys2 FPGA board has 4 Pmod extension ports

(see hardware section below). On the first one the RS-232 module is attached. The

serial input (rx) sits on pin J5 and the output (tx) on A3. On the second Pmod port the

trigger register is connected on pin B7. The Max5216 DAC is plugged into Pmod port

number three, using pins A9 for the chip select (cs) signal, B9 as the data port (mosi)

and C9 for the serial clock output. The driver for the actual pulse is connected to the

fourth Pmod port using only pin C12 as main output register for the pulse.

The state machine to generate the pulses and the trigger is rather trivial. There

are two counters: One of a length of 21 bit for the period tau (tau cnt) in which the

pulse and the trigger are generated. Another one of a length of 16 bit (pls cnt) to count

the number of pulses. The machine waits in the state pulser idle until the command

parser module puts a start flag up. This causes the machine to reset both counters,

20



4.2 The ROOT program 4 SOFTWARE

put a start flag up to prompt the module max5216 to set the amplitude and transit

to the state pulser set amp. If the status of the max5216 module (max5216 status)

changes to HIGH (meaning it started the set amplitude process) the machine puts the

flag down and goes to the state pulser wait. It stays there until the max5216 start

switches back to LOW indicating that the amplitude has settled. Now the machine can

transit to the state pulser pulse where the actual pulse and trigger are generated. It

is done in the following manner: On every tick of the main clock (mclk), the counter

tau cnt is increased by one. As long as this counter is smaller then the value stored

in ValTrg the trigger output is set to HIGH, otherwise it’s set to LOW. If the tau cnt is

smaller than the value of ValDly the pulse output is set to LOW to create the delay

between the trigger and the pulse. If the counter is bigger then the ValDly but smaller

than the sum of ValDly and ValPls, the pulse register is set to HIGH. If it has finally

exceeded the totalized value, the pulse output will be reset to LOW. A pulse with the

length specified in the register ValPls has now been generated. In every cycle the

state machine will check whether the command parser has put a kill flag up. This

would cause it to stop pulsing and return to the state pulser idle. If the counter tau cnt

has reached the value of ValTau the machine switches to the state pulser next pulse.

There the counter tau cnt is reset and the counter pls cnt increased. If it is smaller

than the value of ValCnt the machine will return to the state pulser pulse generating

the next pulse. But if it is equal to ValCnt, all pulses have been generated and it can go

back to the state pulser idle waiting for the next command.

The status wire of the pulse generator state machine is connected to the fourth cell

of the state register. This allows the command parser module to check it’s status.

4.2 The ROOT program

ROOT is an object oriented framework developed at the CERN in Geneva. Its target

is to analyze huge amounts of data (e.g. as generated from the LHC experiment). It

provides specialized methods and objects to store data, do histograming in arbitrary

dimensions, do function evaluation and curve fitting. Further it provides methods to

visualize data, do simulations (e.g. with the GEANT package) and create interactive

graphical user interfaces (GUI). Another feature is the possibility of processing data

parallel on different computers to improve analysis speed. ROOT also includes an

interactive C++ interpreter (rootcint) which allows fast prototyping and reduces the time

used for the compilation and linking process. If it is desired, a ROOT macro can still be

compiled using for example the g++ compiler. In addition the rootcint C++ interpreter

offers also a very intuitive entrance in C++ programming [11].
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4.2.1 The controller class and its GUI

Figure 9: UML diagram of the relation between the classes of the controller and the

GUI

The control of the pulse generator is conducted by a C++ program using ROOT.

The commands are sent trough an USB-to-serial converter over a RS-232 wire to the

generator. The communication is taken over by the LibSerial C++ library (QUELLE).

In this library the baud rate, the number of bits per word, the number of stop bits and

the parity is settable. All functions to set different values, check status and send direc-

tives are provided by a class called TPulserController. This class inherits from the

abstract class TLNPController. It’s purpose is to provide a basic structure for a class,

controlling a piece of hardware connected on a serial interface to the computer. Other

objects, for instance the high and low voltage sources used by Daniel Regenass in this

test setup should also inherit from it. This is intended to create a maximum of compati-

bility between the different parts of the test application. All control classes should finally

be implemented in one application conducting the whole test routine. To access the

function of TPulserController there is a GUI class called TGPulserController which

implements it and provides a graphical interface to all functions. To verify all functions
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are working properly, the GUI can be compiled as a standalone version. Below the

classes are described in detail.

All classes follow the taligent naming convention described on the ROOT homepage

to ensure maximum understandability. Briefly this means that the base classes starts

with a capital T, member variables with a f for field and member function with a capital

letter [12].

4.2.2 The abstract class TLNPController

As mentioned above, this class is purely abstract which means that it can’t be imple-

mented. It is only used to ensure compatibility between the different parts of the main

test application.

This class has no member variables. The Init() function is intended to hold the

initializing process. I. e. it initializes all variables and establishes the connection to

the device. This function could be called in the constructor method. Start() and Kill()

should start respectively stop the pulsing process. The function Status() should return

the current status of the device.

4.2.3 The class TPulserController

This class holds all functions to operate the pulse generator. It inherits from TLNPCon-

troller and must therefore implement all it functions. For each variable that can be set

in the pulse generator this class possesses an integer array of the length three (i.e.

fAmp, fPls, fFrq, fTrg, fDly, fCnt and fPOD). In these arrays the first cell holds the ac-

tual, the second cell the minimal and the third the maximal value. A pointer for the

serial connection is stored in the field fRS232 of the type SerialStream. fTau holds the

value of the FPGA register ValTau. The inverse of the FPGA main clock (= ∆t , see

above) thus the minimal time step is stored in fPlsLength.

In the Init() function, first of all a connection to the serial port /dev/ttyUSB0 with the

following specifications is established (see table 2). The connection is then verified and

Baudrate 9600

Charsize 8

Stopbits 1

Parity none

Table 2: Specification of the serial connection

the program will abort if it wasn’t able to establish it. Following that, the boundaries for
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the pulse parameters will be set. In the current version they are hard coded but in the

following version they should get loaded from a configuration file. Finally the current

values from the pulse generator are loaded with the GetParameter() function. If this

task fails, the program will abort. The Init() function is directly called inside the con-

structor function.

To set a value on the pulse generator, the function SendCommand() is used. As ar-

guments it takes a char command and an unsigned integer val. The command variable

holds a capital letter defining which value is to be set (see table 1). 16 bits of the 32

bit unsigned integer variable val are used for the according value. Every transmission

consists of 3 chars. They are stored in a string variable data. First the command char

is attached to it. 16 bits of the val variable is cut of by a binary arithmetic operation.

Then val is shifted to the right by 8 bits, converted into a char and stored in the tempo-

rary variable byte. The very same is appended to the data string. Now the first 8 bits

of val are cut off and are again converted into a char and stored in the byte variable.

Which is again attached on the data string. The data string is now sent byte wise to

the RS-232 interface fRS232. After each byte, an answer byte is read from fRS232

and attached to a string response. When all bytes have been transmitted the strings

data and response are compared. If they are equal to each other the transmission was

successful and the function returns 1. If they were not, it returns 0 indicating that the

transmission has failed.

To start with the pulsing process one has to call the Start() function. It sends the

capital letter B over the RS-232 interface fRS232 to the pulse generator and reads the

response from it. If it is equal to B it was correctly interpreted from the pulse generator.

If not, the transmission has failed and the function returns the value -1. In the first case

the function reads another char from fRS232 and analyzes it. If it is equal to R the

pulse generator is pulsing and the function returns 1. If not, an I has been sent and the

pulse generator is idling. The function in this case returns 0.

The Kill() function works exactly in the same way. It sends a K, compares the

answer and eventually reads another char. It will return -1 if the transmission has

failed, 0 if the pulse generator is still running or a 1 if it has stopped successively. Also

the Status() works in this way. It sends a R and checks the response. It returns either

1 for running, 0 for idling or -1 in case of an invalid transmission.
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In order to set the amplitude of the pulse in volts (respectively multiples of 0.1 volt)

the function MapInt() is needed. It takes a value in the range between minin and maxin

and transforms it to the corresponding value in the range min to max. It is done with a

linear transformation. A value in volts can now easily be converted into a 16 bit value

for the DAC and vice versa.

For every parameter there is a corresponding set function available. They work all

more or less in the same way. First it is checked whether the new value is in the range

specified for each parameter in the Init() function. If this isn’t the case, the function

returns -1. If the new value is inside the range, it needs to be converted. If a duration

is to be set, like in SetPulseWidth(), SetTriggerWidth, SetDelay() and SetPOD(), the

value given in nanoseconds has to be converted into a number representing multiples

of fPlsLength. In the function SetFrequency() the value is given in Hz and therefore

has to be converted first into a time period (= fTau), then into a multiple of fPlsLength

and finally shifted to the right by 5 bits. The function SetAmplitude() uses the MapInt()

function to convert the voltage to a 16 bit number. Only the SetCount() function does

not need any conversion. When the new value is in the correct format, some set func-

tion have to double check again, if it isn’t equal to zero. After processing the new value

it can be sent to the pulse generator via the SendCommand() function. Therefore all

set functions will return 1 if the new value has been set correctly or 0 if not.

To read out the values of the pulse generator, the function GetParameter() can be

used. When called, it sends a S to the pulse generator to request a detailed status

message. This message consists of 15 bytes, 7 times 2 bytes for the values of the dif-

ferent pulse parameter and one for the current status. If the transmission has worked

(i.e. the pulse generator returned S), a loop running from 1 to 7 is entered. In every

iteration two bytes are read from fRS232. These bytes are then converted into the right

format and stored into the appropriate field variable. Time periods are converted in

nanoseconds, the frequency in Hz and the amplitude into multiples of 0.1 volts.

This class can be implemented either in the GUI or in a script to conduct various

test sequentially.

4.2.4 The class TGPulserController

This class holds a GUI (see figure 10) to access the functions of TPulserController. It

inherits from a class TGGroupFrame which is part of the ROOT library and is simply

a frame, that can contain several control elements. As private field variables, there
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Figure 10: GUI to control the pulse generator

is a pointer fControl of the type TPulserController and seven pointers of the type

TGPulserControlElement (fCtrAmp, fCtrFrq, fCtrPls, fCtrTrg, fCtrDly, fCtrCnt and fC-

trPOD) to control the pulse parameter. Further there is a TGTextButton fBtnOk to start

and stop the pulsing process and a bool variable fPulserStatus to store the current

status. The TTimer fStatusTimer is used periodically to check the status.

The constructor is used to implement all field variables and to add the control ele-

ments to the TGGroupFrame. To interact with the control elements, ROOT uses the

concept of signals and slots. An element can emit a signal if a defined event is trig-

gered. For example: A button emits the signal Clicked() if the user presses it. Such a

signal can be caught and connected to a slot. A slot is thus just a public function which

is called, when a signal is emitted. In this sense the button fBtnOk is connected to

the slot SlotDoChanges() when it emits the signal Clicked() and the timer fStatusTimer

is connected to the slot SlotCheckChanges() when it emits the Timeout() signal. To

be able compiling a class with the signal-slot-mechanism the ClassDef() macro in the

header file is crucial.
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When SlotDoChanges() is called, it checks whether the status of the pulse gen-

erator is running (i.e. fPulserStatus is true). In this case, the Stop() function of the

TPulserController class is called, causing the pulse generator to stop pulsing. The

status fPulserStatus is set to false, the button text is changed to ”Start“ and its colour

to green. Additionally the timer fStatusTimer is stopped. If the status fPulserStatus

indicates that the pulse generator is idling, some procedures are induced: First, the

estimated time needed for the pulsing process based of the frequency and the number

of pulses is calculated and stored in iEstTime. Secondly, the colour of the button is

set to red and its text to ”Stop“. Thirdly, the function will check each control element,

whether it‘s value has changed. If a change has been detected, the new value is sent

to the pulse generator via a set function of fControl and the fChanged flag of the cor-

responding control element is reset to false. In case of an error occurring the value

of the control element is set back to the previous one. After all changes have been

performed, the pulsing process is started with the Start() function of fControl and the

timeout of fStatusTimer is set to iEstTime.

After the expiration of the amount of milliseconds defined by iEstTime, the timer

fStatusTimer will emit the Timeout() signal that will call the function

SlotCheckChanges(). It will check the status of the pulse generator with the Status()

function of fControl. If the pulsing process is completed, fPulserStatus is set to false,

the button text is changed to ”Start“ and its colour to green. If for some reason the

pulse generator hasn’t completed the process, fStatusTimer is set to a timeout of 100

ms causing repetitive checks until the pulsing process has been completed.

4.2.5 The class TGPulserControlElement

For every pulse parameter there is a control element. It is composed of a number entry

element and a vertical slider. These two are connected, which means that a change in

the number entry will cause a change in the position of the slider knob and vice versa.

This class inherits from TGVerticalFrame, a frame widget from the ROOT library. The

constructor takes three parameters: The parent widget, a text displayed in a label and

a pointer to an integer array. The array should be of the length three and has to contain

the default value as well as the maximum and minimum of the permitted range. The

slider fSL, the number entry fNE and the label are implemented and positioned in

the constructor function. fSL and fNE are connected with the signal-slot-mechanism

using SlotSetSlider() and SlotSetNumberEntry(). To set a value from outside there is a

SetValue() function and to read out the current value, there is GetValue(). Whenever a

value is changed, fChanged is set to true.
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4.2.6 The standalone GUI

As mentioned above, the TGPulserController is intended to be part of a test program

along with other modules. To test it a standalone version is required though. This is

done in a C++ main function using the TApplication class from the ROOT library. This

object generates a window which can be filled with widgets. For the standalone version

an instance of TGPulserController is packed on it as well as a quit button to terminate

the application.

To use the signal-slot-mechanism in a standalone GUI one has to run the ”rootcint“

command before the compilation process. Rootcint generates a ”Dict.cxx“ file out of

the header files and the ”LinkDef.h“ file. In the ”LinkDef.h“ all classes using the signal-

slot-mechanism have to be denoted in the following way:

#pragma link C++ class classname

The generated ”Dict.cxx“ file can now be compiled along with the other .cxx files. A

makefile containing all required rootcint and g++ commands as well as the flags for the

ROOT and LibSerial library is used to generate the application.
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5 Hardware

Figure 11: The interior of the pulse generator

The pulse generator hardware consists mainly of the Basys2 circuit design board

holding the FPGA chip. Four different extensions (i. e. RS-232 interface, trigger driver,

DAC and pulse driver) are plugged into this board on the Pmod extension headers.

The whole setup is placed inside a NIM-cassette.

The NIM (Nuclear Instrumentation Module) standard was defined in 1964 and was

one of the first industry standards. A NIM crate has a backplane bus for the power sup-

ply. It is capable of providing ±6V, ±12V and ±24V. There are no communication lines

on this bus. A NIM cassette has a defined dimension of W:34.3mm and H:222.25mm

and fits into a slot of such a crate. There are usually 12 slots per crate. A cassette can

also be wider; double and triple wide modules are also possible. Even though NIM is

an old standard, it is still widely used in modern experiments and there are lots of NIM

modules available [13] [14].
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The high voltage source is such a module, which means that a NIM crate will be

present in the setup of the test bench (see section 3). Therefore it is suggested to put

the hardware into a NIM module.

An additional voltage regulator was necessary, in order to convert the 6V of the NIM

bus into the 5V supply voltage of the Basys2 board. The trigger driver needs a supply

voltage of ±6V, due to it‘s operational amplifier. The pulse driver need a single +6V

supply. An on-off switch in the front panel is used to control these supplies and an LED

indicates, whether the generator is running or not. All power wires are led underneath

the aluminum base plate to shield the electronics. Below the hardware components

will be described in detail.

5.1 The FPGA Board - Basys2

5.1.1 The Chip

The pulse generation is done inside an FPGA chip. FPGA stands for ”Field Pro-

grammable Gate Array“. Such a chip consists of plenty of logic cells (also called gate

arrays). A logic cell is usually built of a LUT (Lockup Table), a MUX (Multiplexer) and

a flip-flop (1 bit register). A LUT is just a settable truth table and can therefore imple-

ment any logic gate. Its output is connected to the MUX, to decide whether the gate

output should be connected to the flip-flop (synchronous applications) or if it should be

bypassed (asynchronous applications). Multiple logic cells can be tied together using

interconnectors to create more complex logics or state machines. Moreover there are

blocks for special tasks. There are input-output controller allowing to connect the chip

to the outer world. To minimize the use of logic cells for binary multiplication, there are

separate multiplier blocks implemented. Further there are memory cells to store data

and special clock inputs integrated. In this context ”field programmable“ means that

this chip is programmable after its deployment (i.e. in the field) [15] [16]. Compared to

an ASIC (application-specific integrated circuit) which is ordered in a specific configu-

ration, one can change the wiring inside an FPGA simply by writing a bit file to it [17].

This renders an FPGA a very flexible device for many different applications.

The chip incorporated on the Basys2 board is a Spartan-3 XC3S250E FPGA from

Xilinx. It contains 612 configurable logic blocks (CLB) arranged in 34 rows and 26

columns. Each CLB contains four slices holding two 4-bit LUTs. This results in 4’896

logic cells.Further there are 12 multiplier blocks, 4 digital clock managers (DCM) and

172 user input-outputs. Finally there is a 216’000 bit ram block as memory built-in [18].
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5.1.2 The Board

The Basys2 board from Digilent is thought as an experiment platform for digital circuits.

Beside the FPGA, there are several other components provided. The board power

can be supplied either via a USB-mini port or a battery pin. An input voltage of 5V

should not be exceeded. An on-board voltage regulator generates the appropriate

voltage levels of 3.3V, 2.5V and 1.2V required by the FPGA. The board can be turned

on and off with a power switch. There is a silicon-based oscillator with a selectable

frequency of 25kHz, 50kHz or 100kHz. This clock is rather unstable or jittery and

therefore unusable for precision applications (see section 6.1). But fortunately there

was a IC6 socket for a crystal oscillator present. To interact with an user, this board

provides several possibilities. There are eight switches, push buttons and LEDs, a

seven segment display, a PS/2 port and a VGA port available. To extend a project with

additional hardware, there are four female Pmod extension header incorporated. Each

connector provides four FPGA input-output lines as well as a GND and a Vdd (3.3V

supply) pin. One can either buy existing extensions with Pmod connectors or create

it’s own circuits. The programming procedure is done by an Atmel AT90USB2 USB

controller. Bit files can be written to the FPGA with it‘s JTAG programming ports. A

jumper allows to load a program from a special PROM [19] (XCF02S with a capacity of

2 Mbits [21]) called platform flash. There are lots of different FPGA chips and boards

available, but the Basys2 platform provides a ready-to-use environment and a free IDE

(ISE Weppack) which was the reason to chose it for the pulse generator [20].

5.2 Pmod Extensions

In the following, the extensions connected on the Pmod headers are described in detail.

5.2.1 The RS-232 Interface - MAX3232PMB1

In order to communicate with a computer, a hardware interface after the uart state

machine is needed. This task is done by the MAX3232PMB1 Pmod extension from

Maxim Integrated Products. It consists of a 9-pin D-sub female connector, a Pmod

connector and a MAX3232E chip. This chip is able to generate a true RS-232 signal,

i. e. the ±15V levels, using a charge pump. Furthermore this chip can implement the

basic receive and transmit lines as well as an optional hardware handshake and data

flow lines [22]. In this application only the basic lines are used.
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5.2.2 The Trigger Driver

Figure 12: Scheme of the trigger driver

In the first test, the trigger output of the pulse generator was connected directly to a

lemo cable. Setting the oscilloscope‘s input to 50Ω resulted in a voltage collapse in the

amplitude of the trigger pulse. The voltage dropped from 2.5V to less than 1V which is

not enough to trigger. The collapse was the result of the fact that the maximal output

current of an FPGA pin is rather small. Therefore I added an amplifier in order to drive

a pulse on a 50Ω lemo coaxial cable. 50Ω is a standard value for coaxial cables and the

inputs of most devices (e.g the sampling ADC to analyze the pulses from the generator

as well as from the preamplifier) are 50Ω terminated. The amplification is done with

a current feedback operational amplifier (CFA). The ideal voltage feedback operational

amplifier (VFA) has infinite input impedance and tries to bring both input terminals

to the same voltage. A CFA on the contrary has a very small input impedance and

therefore tries to hold the input current on its input terminals constant. The advantages

of the CFA are lying in two main points:A big bandwidth independent of the gain and a

high slew rate. However, one is not as liberal in the choice of the feedback resistor. For

different gains the appropriate resistance values are listed in the corresponding data

sheet [24]. In the case of the AD811 CFA and a gain of approximately 1.3 the ideal

resistors for this configuration are a 620Ω feedback resistor as well as a 2kΩ to the

ground (see R1 and R2 in figure 12).

Another configuration with R1 = 1kΩ and R2 = 2kΩ has also been tested but has

resulted in a slightly slower rise time (see figure 14). Another crucial part of the circuit

are the decoupling capacitors C1 and C2.

Figure 13 shows what happens if they are omitted. The output oscillates severely
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Figure 13: Trigger pulse with and without decoupling capacitors

due to the steep flanks of the trigger signal. If a capacitor is connected between ev-

ery supply terminal of the operational amplifier and the ground, these oscillation are

damped away. The data sheet of AD811 suggests a value of 100nF for the decoupling

capacitors. In figure 14 also a test configuration with 1µF is shown. Increasing the

capacitance didn’t result in any improvement and therefore the 100nF capacitors were

chosen in the final layout. The circuit is soldiered on a ground plane veroboard. A 6 pin

male header is used to connect it to a Pmod female header of the Basys2 board. The

supply voltage is applied to the circuit via a triple screw terminal.+6V, -6V and ground

supply is taken from the NIM crate. The output of AD811 is soldiered to a coaxial cable

leading to a lemo jack in the front panel.
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AD811 with different resistors and capacitors
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Figure 14: Comparison of different resistor pairs and capacitors with different pulse

widths

5.2.3 The DAC - MAX5216PMB1

The amplitudes for the final pulses have to be generated with a digital to analog con-

verter (DAC). MAX5216PMB1 is a Pmod extension with a MAX5216 16-bit DAC incor-

porated. This chip generates a voltage level between 0V and 2.5V according to a 16-bit

number. This number is sent via the SPI interface. To achieve a low noise level this

interface is powered down during the voltage generation. An additional chip generates

a high precision reference voltage of 2.5V to improve the output voltage quality. With a

jumper one can also take a reference voltage of separate pin. This allows to increase

the output range. A bottleneck of this DAC is its disability of driving loads below 10kΩ.

At a voltage of 2.5V this leads to a maximal output current of 250µA, which is a rather

small current [23].
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5.2.4 The Pulse Driver

Figure 15: Scheme of the pulse driver

The goal of the pulse generator is to produce a pulse with a defined width and

amplitude. With an FPGA, due to it‘s digital nature only two amplitudes are possible:

HIGH = 2.5V and LOW = 0V. Therefore a defined amplitude is generated from the

DAC. The idea of this circuit designed by Werner Erni is to use a voltage regulator with

a adjustable input to generate a supply voltage for an inverting Schmitt trigger. With

this inexpensive and space-saving circuit it is possible to generate pulses with fast and

steep flanks. According to the data sheet of the LM317L there is a voltage difference

of 1.25V between the output and the adjust terminal. The data sheet suggests to set

the output voltage with a voltage divider. Another possibility would be setting it with a

reference voltage on its adjust terminal relative to ground. In the pulse driver circuit

this reference voltage is generated from the DAC. The output voltage of the LM317L is

therefore calculated in the following way [25]:

Vout = VDAC + 1.25V (1)

This voltage is now applied to six parallel routed inverting and buffered Schmitt trig-

gers placed in a DIL-14 housing. This part is a so called 74AC14E and is capable of

sourcing 6 · 50mA = 300mA which is enough to drive a 50Ω line. The pulse generation

works like this: A LVCMOS pulse of a defined width is generated from the FPGA and

is then transmitted to the 74AC14E. It inverts the pulse and the amplitude is defined

through its supply voltage generated from the DAC using the LM317L voltage regula-

tor. It‘s output is connected to a 50Ω resistor to generate a defined impedance on the
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output.
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Figure 16: Plot of 4 pulses without additional decoupling capacitor

Despite the ratings in the data sheet, test showed that 74AC14E is not automatically

able to drive a 50Ω line. Figure 16 shows the situation when the oscilloscope‘s input

resistance is set to 50Ω as well as to 1MΩ. In the 1MΩ case the driver generates

stable pulses but in the 50Ω case the voltage collapses after the first pulse and cannot

recover. Tests on the DAC and the voltage regulator LM317L indicated that the problem

has to exist somewhere in the supply voltage stability of 74AC14E. The solution to that

problem was adding an additional decoupling capacitor (see figure 15, C2 and C3)

and a corresponding resistor (R1) to discharge it, in case of a decreasing amplitude

voltage. With the setting showed in figure 15 it is now possible to drive a 50Ω line.

The whole circuit is soldiered on a ground plane veroboard with a six pin male header

compatible to the Pmod female header.+6V and ground is applied through a two pin

screw terminal and is drawn from the NIM crate. A coaxial cable connects the front

panel lemo jack with the 50Ω output resistor of the pulse driver. The DAC is connected

to a 4 pin header by a twisted pair of wires.
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6 Result

In this last section some unexpected problems and their solutions will be discussed.

Finally a preliminary test with an actual preamplifier reveals the quality and resolution

of the generated pulses.

6.1 Time Jitter

During the programming process, all tests on the pulse generator were conducted with

a portable 8 bit resolution oscilloscope. It‘s probes were directly attached on the pins of

the Basys2 board and it‘s input was set to 1 MΩ. This setting allowed to check whether

the FPGA generated a signal of proper shape and duration. When the pulse generator

FPGA program was first tested with a fast (500 GS/s) and more precise (12 bit) oscillo-

scope from LeCroy, a quite jittery signal was observed. Jitter is a phenomenon which

occurs when the oscillator circuit doesn’t work stable. Such an instability results in a

unpredictable timing behaviour of the pulses. In this case, a pulse with a well defined

duration can vary up to 30 ns. Also the spacing between the trigger and the pulse was

affected. The smearing on the time axis became severer with an increased pulsewidth.

With every count of the built-in silicon-based oscillator the time error stacked up. In an

application like a pulse generator such errors were absolutely intolerable.

In a first step it had to be secured, that the origin of the jitter does not lie in a

bad coded state machine or somewhere else in the FPGA code. Therefore a test

with the most simple counter using shift register was conducted. This test showed

the same amount of jitter as the full pulse generator program did. It was not far to

seek the problem in the on-board clock. Just sending the full speed clock signal to

the oscilloscope already showed a very unstable signal coming from the oscillator. A

look into the description of the Basys2 board confirmed the assumption: ”The primary

silicon oscillator is flexible and inexpensive, but it lacks the frequency stability of a

crystal oscillator. [20]“ Luckily the board provided a socket for such a crystal oscillator.

With a 133MHz oscillator, no jitter effects were observed anymore and, with some

adjustments for the new frequency, the pulse generator worked stable.
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6.2 The Inverting Schmitt Trigger: 74AC14E vs 74HC14N
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Figure 17: Comparison of 74HC14N and 74AC14E

Instead of using the 74AC14E module in the pulse driver, one could also use the

module 74HC14N. Both parts allow a sharp flank but with 74AC14E some overshoots

occurred on the baseline (see left figure 17). With the module 74AC14E these oscilla-

tions were much smaller, which would have been ideal. Therefore it seemed to be the

right choice for the pulse driver. Even if the datasheets had promised a maximal output

current of 300mA for 74AC14E [27] compared with 150mA for 74HC14N [26]. In a next

step, the signal from the pulse driver was analyzed using the 12 bit VME ADC. What

brought about another problem. After the falling edge, the pulse didn’t rest constant at

the baseline but started to increase before settling on the baseline level. To test the

preamplifier, the signal was fed into a capacitor generating a charge proportional to the

change in the amplitude of the pulse.

Q = C ·∆V (2)

When the generated pulse has a varying amplitude, the generated charge varies

as well and it is not directly predictable how the preamplifier will react to such a charge

pulse. In the right figure 17 the falling edge of a pulse, generated by 74AC14E as well

as by 74HC14N, is plotted. Both pulses were shifted in a way that their baseline over-

lay. Between the sample 5000 and 6000 a constant fit was performed and extrapolated

over the whole range in order to visualize the actual baseline. This showed that the

edge of 74AC14E is not as sharp but its signal reverted much faster to the baseline as

the signal of 74HC14N did.

In order of being able to test the preamplifier reaction to pulses similar to APD

pulses it is more important to have a signal with a constant baseline then having a
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signal with no overshoots. For this reason, the module 74AC14E was used in the final

setup of the pulse generator.

6.3 Preliminary Analysis

Figure 18: Test bench with the coupling network and the passive splitter to test the

pulse generator and the preamplifier

In order to verify that the pulse generator is usable to check the preamplifiers, it was

necessary to build a preliminary test setup with one preamplifier. Figure 19 shows the

schematic of a coupling network used in this test. The pulse signal is injected into a

passive splitter consisting of the resistors R1,R2 and R3. In such a splitter, the shape of

the incoming signal is preserved but its amplitude is bisected. One half of the signal is

sent to the ADC to check the original signal. The other half is passed to the capacitors

C1 and C2. They are used to convert the voltage pulse into a charge pulse for the

preamplifiers. Resistor R4 is necessary to terminate the incoming signal with 50Ω in

order to prevent reflections. The charge pulse is then injected into the input gates of the

preamplifier. The capacitors C3 and C4 are used to simulate the intrinsic capacitance

39



6.3 Preliminary Analysis 6 RESULT

of the biased APDs. The two outputs of the preamplifier are also connected to the

ADC. The ADC used for this test is a SIS3350 500MS/s VME digitizer with a bandwidth

of 250MHz [28], controlled by a SIS3150 VME controller [29]. It was set to the MBLT64

mode with a fast 30Mbyte/s transmission rate over USB2.0. All inputs of this ADC are

internally terminated with 50Ω.

Figure 19: Coupling network to test the pulse generator and the preamplifier

6.3.1 Data Acquisition

In this test, the full range of possible amplitudes should be covered. Therefore 26

different data sets, each with another amplitude, were recorded (see figure 20). The

value of the capacitors C1 and C2 in the coupling network are chosen in a way that

the maximal amplitude of the pulse generator nearly leads to the saturation of the

preamplifier. This assures that the whole input range of the preamplifier is checked.

Every set consists of 1000 events (i.e. pulses) for each of the three channels. Channel

zero holds the events from the pulse generator, channel one and two the events from

the preamplifier outputs. 7415 samples are taken per event. All events were generated

with 10kHz, which is the highest frequency expected from the APDs. The data of

one channel is saved in a two dimensional ROOT histogram. All three histograms are

saved in one ROOT file. In the data acquisition software an offset and the gain of each

channel can be set. One could adjust the gain and the offset in every measurement in

order of using the full ADC range. When comparing data of different measurements,

one has to normalise each data set with the appropriate gain and offset. Therefore it

was decided to chose a constant gain and offset for the whole test to avoid subsequent

normalisation.

In a first step, each event is extracted from these histograms. The FPGA channel
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Figure 20: Amplitude distribution of the three channels over the whole range

then is searched for the edge of the pulse. The fit ranges in all channels are set relative

to this edge. In the FPGA channel two constant fits are performed. One for the high

level and one for the baseline. In the preamplifier channel the baseline is fitted with a

constant and the high level with an exponential function. The FPGA amplitude is just

the difference of the two constants. To get the preamplifier‘s amplitude, the exponential

function is evaluated at the edge and the constant baseline is subtracted. Figure 21

shows the three channels with the appropriate fits drawn in red. When the amplitudes

in each channel are extracted for every event, they are stored in a ROOT tree file. This

tree consists of three branches, one for the amplitudes of every channel. All recorded

ROOT files are processed successively and the resulting trees are stored in an addition

folder.

If the real value of the voltage on each ADC channel is needed, one has to calibrate

each channel. In this case a precision voltage source was parallel connected to the

three inputs of the ADC. 100 samples were taken for a generated voltage of 0.0V, 0.25V,

0.50V and 0.9V. The mean of each sampled voltage in each channel was plotted and

with a linear fit the gain respectively the voltage to ADU ratio was extracted (see figure

22). In the further analysis all amplitudes were multiplied by the appropriate gain which

led to a value in millivolts.
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Figure 21: Digitalized signal from the FPGA (left) and the preamplifier (middle and

right) with amplitude fits
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Figure 22: Calibration fits for the three channels of the ADC

6.3.2 Data quality

In order to make a statement of the quality of the generated signals a statistical analysis

has to be done. Assuming each amplitude sample is a random variable their distribution

should be described with a normal distribution. A normal distribution is described by

a Gaussian bell curve. Figure 23 shows every amplitude distribution of the generated

signal, fitted with a Gaussian curve. The error bars show the statistical error of each

bin. Figure 24 and 25 show the situation for the output of the preamplifier.

The goodness-of-fit can be estimated by the χ2 method. The χ2 is mathematically

defined as follows:

χ2 =
n∑

i=1

(xi − µi

σi

)2
(3)

Assuming we have a set of n independent random variables xi . Each variable is

described by a Gaussian distribution with the theoretical mean µi and the theoretical

standard deviation σi . The value of χ2 can be interpreted as the fluctuation in xi . The

probability density function is given by:
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P(χ2)dχ2 =
(χ

2

2 )
ν
2 −1 · e−χ2

2

2Γ(ν2 )
dχ2 (4)

ν is an integer and is called degree of freedom (NDF) and is the sole parameter

of the distribution. It can be interpreted as the number of independent variables in the

χ2-sum. This distribution has the following properties:

µ = ν, σ2 = 2ν (5)

Further the distribution has the property that the area under the curve is equal to

one.

For a set of samples one can calculate a very similar quantity called the sample χ2

and is denoted by S:

S =
n∑

i=1

[
yi − f (xi)

σi

]
(6)

Here we assume a data set with point pairs (xi , yi ± σi) and a function f which

describes the data set. ROOT is able to calculate this sample χ2 for a fit performed on

a histogram.

To determine the goodness-of-fit one has to check the cumulative probability of

finding a χ2 bigger than the obtained S, i.e.

P(χ2 ≥ S) (7)

for a given degree of freedom. If this probability exceeds 5% the fit can be accepted.

If not, the fit can not be considered as a ”good fit“ [30]. ROOT provides a function to

calculate the cumulative probability for a given S and NDF. Table 3 shows the fit results

of the generated signals and table 4 and 5 show the output signals of the preamplifier.

A green colour indicates that the fit can be accepted. A red colour, on the other hand,

indicates that the distribution is not nicely described by the fit.
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Figure 23: Gaussian fits on the amplitude distribution of the pulse generator with dif-

ferent input voltage
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Dist. nr. Vgen Population µ Population σ Sample µ Sample σ S NDF P(χ2 ≥ S)

[V] [mV] [mV] [mV] [mV] [%]
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ed
S
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na

l

1 1.25 256.955 0.200273 256.786 0.202203 4.31161 1 3.79

2 1.35 305.193 0.399971 305.022 0.393084 13.9303 3 0.30

3 1.45 341.459 0.335707 341.364 0.331824 198.827 3 0.00

4 1.55 372.264 0.330640 372.097 0.330709 1.48932 4 82.85

5 1.65 401.052 0.326180 400.887 0.326607 2.51779 4 64.15

6 1.75 428.410 0.320995 428.244 0.321465 4.38304 3 22.30

7 1.85 455.391 0.326237 455.223 0.323769 0.67941 3 87.80

8 1.95 482.161 0.325336 481.991 0.329548 5.02780 4 28.45

9 2.05 508.198 0.330914 508.029 0.336700 5.83194 5 32.29

10 2.15 534.684 0.318800 534.518 0.320560 3.90720 4 41.87

11 2.25 560.495 0.429966 560.487 0.332908 23.2883 3 0.00

12 2.35 586.562 0.265964 586.411 0.331836 40.3307 2 0.00

13 2.45 612.269 0.288161 612.188 0.338808 93.0631 2 0.00

14 2.55 638.573 0.334976 638.404 0.335005 1.19052 4 87.97

15 2.65 664.532 0.345886 664.364 0.345973 2.04676 4 72.72

16 2.75 690.221 0.360714 690.133 0.334419 104.965 4 0.00

17 2.85 715.987 0.337982 715.823 0.346436 8.42397 6 20.87

18 2.95 741.343 0.340760 741.175 0.339537 0.60508 4 96.25

19 3.05 767.029 0.339237 766.862 0.343343 9.70213 5 8.41

20 3.15 792.913 0.352771 792.745 0.352654 8.10802 4 8.77

21 3.25 818.555 0.340708 818.387 0.340615 1.95314 4 74.44

22 3.35 844.102 0.341930 843.937 0.343175 5.20726 4 26.67

23 3.45 869.865 0.352538 869.694 0.353723 2.78707 4 59.41

24 3.55 895.630 0.330326 895.461 0.332794 2.83950 4 58.50

25 3.65 921.418 0.301992 921.248 0.307171 6.81265 4 14.61

26 3.75 947.245 0.286492 947.078 0.281683 8.07050 3 4.46

Table 3: Fit results from the generated signal

45



6.3 Preliminary Analysis 6 RESULT

Voltage [mV]

308 309 310 311 312 313
0

100

200

300

400

500

600

700

 =  1.25V
Gen

V

Voltage [mV]

365 366 367 368 369 370 371
0

50

100

150

200

250  =  1.35V
Gen

V

Voltage [mV]

410 411 412 413 414 415
0

50

100

150

200

250

300  =  1.45V
Gen

V

Voltage [mV]

446 447 448 449 450 451 452
0

50

100

150

200

250

300

350

 =  1.55V
Gen

V

Voltage [mV]

481 482 483 484 485 486
0

50

100

150

200

250

300

350

 =  1.65V
Gen

V

Voltage [mV]

513 514 515 516 517 518 519
0

50

100

150

200

250

300

350

400

 =  1.75V
Gen

V

Voltage [mV]

546 547 548 549 550 551
0

50

100

150

200

250

300

350

400

 =  1.85V
Gen

V

Voltage [mV]

579 580 581 582 583 584
0

100

200

300

400

500

600

700

 =  1.95V
Gen

V

Voltage [mV]

611 612 613 614 615 616
0

50

100

150

200

250

300  =  2.05V
Gen

V

Voltage [mV]

643 644 645 646 647 648
0

50

100

150

200

250

300

350

 =  2.15V
Gen

V

Voltage [mV]

674 675 676 677 678 679 680
0

50

100

150

200

250

300  =  2.25V
Gen

V

Voltage [mV]

706 707 708 709 710 711
0

50

100

150

200

250

300  =  2.35V
Gen

V

Voltage [mV]
737 738 739 740 741 742

0

50

100

150

200

250

300

350

 =  2.45V
Gen

V

Voltage [mV]
768 769 770 771 772 773

0

50

100

150

200

250

300  =  2.55V
Gen

V

Voltage [mV]
799 800 801 802 803 804

0

50

100

150

200

250

300

350

 =  2.65V
Gen

V

Voltage [mV]
830 831 832 833 834 835

0

50

100

150

200

250

300  =  2.75V
Gen

V

Voltage [mV]
861 862 863 864 865 866 867

0

50

100

150

200

250

300  =  2.85V
Gen

V

Voltage [mV]
892 893 894 895 896 897

0

50

100

150

200

250

300  =  2.95V
Gen

V

Voltage [mV]
923 924 925 926 927 928 929

0

50

100

150

200

250

300

350

 =  3.05V
Gen

V

Voltage [mV]
954 955 956 957 958 959

0

50

100

150

200

250

300

 =  3.15V
Gen

V

Voltage [mV]
985 986 987 988 989 990

0

50

100

150

200

250

300  =  3.25V
Gen

V

Voltage [mV]

1016 1017 1018 1019 1020 1021
0

50

100

150

200

250

300

 =  3.35V
Gen

V

Voltage [mV]

1047 1048 1049 1050 1051 1052
0

50

100

150

200

250

300

350

400

 =  3.45V
Gen

V

Voltage [mV]

1078 1079 1080 1081 1082 1083
0

100

200

300

400

500

600

700

 =  3.55V
Gen

V

Voltage [mV]

1109 1110 1111 1112 1113 1114 1115
0

100

200

300

400

500

 =  3.65V
Gen

V

Voltage [mV]

1140 1141 1142 1143 1144 1145
0

50

100

150

200

250

300

350

400

 =  3.75V
Gen

V

Figure 24: Gaussian fits on the amplitude distribution of the preamplifier‘s channel 1

with different input voltage from the pulse generator
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Dist. nr. Vgen Population µ Population σ Sample µ Sample σ S NDF P(χ2 ≥ S)

[V] [mV] [mV] [mV] [mV] [%]

O
ut

pu
tS

ig
na

lo
fC

ha
nn

el
1

1 1.25 310.335 0.218723 310.154 0.223608 0.21733 1 64.11

2 1.35 368.226 0.486232 368.066 0.495325 23.8021 7 0.12

3 1.45 412.673 0.399725 412.515 0.408007 9.17716 6 16.39

4 1.55 449.158 0.397253 449.006 0.405877 7.96171 6 24.09

5 1.65 483.642 0.394272 483.488 0.395875 10.8551 5 5.43

6 1.75 516.323 0.402238 516.159 0.403099 206.384 4 0.00

7 1.85 548.778 0.427496 548.678 0.397466 111.372 3 0.00

8 1.95 581.632 0.290698 581.499 0.392854 74.7793 2 0.00

9 2.05 614.022 0.397288 613.863 0.403239 12.2061 7 9.40

10 2.15 645.824 0.375224 645.664 0.377771 9.37902 6 15.34

11 2.25 676.967 0.405398 676.807 0.408823 4.31829 7 74.25

12 2.35 708.285 0.409229 708.126 0.406238 2.26286 5 81.17

13 2.45 739.517 0.389857 739.356 0.403352 9.64511 7 20.96

14 2.55 770.599 0.405472 770.441 0.405825 7.78277 6 25.45

15 2.65 801.727 0.384465 801.565 0.399223 14.1954 6 2.75

16 2.75 832.828 0.403296 832.670 0.410882 11.2399 6 8.12

17 2.85 863.993 0.402233 863.839 0.414175 13.2442 6 3.93

18 2.95 895.068 0.416983 894.907 0.419134 4.47329 6 61.29

19 3.05 925.922 0.393845 925.761 0.392365 4.10216 5 53.48

20 3.15 956.694 0.420585 956.530 0.417879 11.6644 5 3.97

21 3.25 987.609 0.402983 987.451 0.408903 7.48095 6 27.86

22 3.35 1018.65 0.418157 1018.48 0.421472 6.55135 6 36.43

23 3.45 1049.54 0.390616 1049.47 0.432615 166.627 5 0.00

24 3.55 1080.84 0.298649 1080.74 0.386635 81.2777 4 0.00

25 3.65 1112.07 0.334465 1111.88 0.377969 26.5730 3 0.00

26 3.75 1143.07 0.358971 1142.89 0.342044 6.82568 3 7.77

Table 4: Fit results of the output of the preamplifier, channel 1
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Figure 25: Gaussian fits on the amplitude distribution of the preamplifier‘s channel 2

with different input voltage from the pulse generator
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Dist. nr. Vgen Population µ Population σ Sample µ Sample σ S NDF P(χ2 ≥ S)

[V] [mV] [mV] [mV] [mV] [%]

O
ut

pu
tS

ig
na

lo
fC

ha
nn

el
2

1 1.25 310.335 0.218723 310.154 0.223608 0.21733 1 64.11

2 1.35 368.226 0.486232 368.066 0.495325 23.8021 7 0.12

3 1.45 412.673 0.399725 412.515 0.408007 9.17716 6 16.39

4 1.55 449.158 0.397253 449.006 0.405877 7.96171 6 24.09

5 1.65 483.642 0.394272 483.488 0.395875 10.8551 5 5.43

6 1.75 516.323 0.402238 516.159 0.403099 206.384 4 0.00

7 1.85 548.778 0.427496 548.678 0.397466 111.372 3 0.00

8 1.95 581.632 0.290698 581.499 0.392854 74.7793 2 0.00

9 2.05 614.022 0.397288 613.863 0.403239 12.2061 7 9.40

10 2.15 645.824 0.375224 645.664 0.377771 9.37902 6 15.34

11 2.25 676.967 0.405398 676.807 0.408823 4.31829 7 74.25

12 2.35 708.285 0.409229 708.126 0.406238 2.26286 5 81.17

13 2.45 739.517 0.389857 739.356 0.403352 9.64511 7 20.96

14 2.55 770.599 0.405472 770.441 0.405825 7.78277 6 25.45

15 2.65 801.727 0.384465 801.565 0.399223 14.1954 6 2.75

16 2.75 832.828 0.403296 832.670 0.410882 11.2399 6 8.12

17 2.85 863.993 0.402233 863.839 0.414175 13.2442 6 3.93

18 2.95 895.068 0.416983 894.907 0.419134 4.47329 6 61.29

19 3.05 925.922 0.393845 925.761 0.392365 4.10216 5 53.48

20 3.15 956.694 0.420585 956.530 0.417879 11.6644 5 3.97

21 3.25 987.609 0.402983 987.451 0.408903 7.48095 6 27.86

22 3.35 1018.65 0.418157 1018.48 0.421472 6.55135 6 36.43

23 3.45 1049.54 0.390616 1049.47 0.432615 166.627 5 0.00

24 3.55 1080.84 0.298649 1080.74 0.386635 81.2777 4 0.00

25 3.65 1112.07 0.334465 1111.88 0.377969 26.5730 3 0.00

26 3.75 1143.07 0.358971 1142.89 0.342044 6.82568 3 7.77

Table 5: Fit results of the output of the preamplifier, channel 2
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In order to have a parameter for the accuracy of the pulse generator and the pream-

plifier, a resolution ( = coefficient of variation) is defined as follows:

Resolution =
RMS
mean

=
σ(x̄)

x̄
(8)

With the mean value defined as:

x̄ =
1
n
·

n∑
i=1

xi (9)

The root mean square calculated by ROOT is actually the (unbiased) standard

derivation and is called RMS for historical reasons [31].

σ =

√√√√ 1
n − 1

· (
n∑

i=1

xi − x̄)2 (10)

Where n is the number of samples. In order to get the standard deviation of the

mean value one has to use [30]:

σ(x̄) =
σ√
n

(11)

Figure 26 shows the resolution of the pulse generator and of the preamplifier in

percentage. Over the whole amplitude range, the resolution of the pulse generator is

quite reasonable and sufficiently small for this application. The measured amplitude

distribution of the preamplifier depends on the resolution of the incoming generator

signal and on its own resolution. The resolution of the preamplifier‘s outputs is nearly

equal to the resolution of the pulse generator. This means that the preamplifier itself

has a very small dispersion.

It struck me that the resolution decreases with increasing amplitudes, even though

one has expected to observe a constant resolution over the whole range. In the def-

inition of the resolution the mean value stands in the denominator. This leads to a

decreasing resolution if the standard deviation stays constant. Figure 27 shows how

the standard deviation (i.e. the error) changes with increasing amplitudes. It is obvi-

ous that the standard deviation does not vary as a function of the amplitude. One can

therefore draw the conclusion that the error of the generated signal is independent of

the amplitude and is a characteristic of the electronics of the pulse generator.
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Figure 26: Resolution of the pulse generator (top) and the preamplifier (bottom)
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Figure 27: Standard deviation of the pulse generator (top) and the preamplifier (bottom)

6.3.3 Linearity

Figure 28 shows a simplified schematic of the readout process of one crystal. In the

actual experiment there are even more components (e.g. signal shapers) involved.

To analyze events in the crystal barrel it is crucial to know the relation between the

deposited photon energy in a CsI(Ti) crystal and the number of the digital units (ADUs)

received from the ADC. This overall gain can either be calculated as the product of the

individual gains of all involved components or it can be calibrated from a known energy

source. Often pions from photoproduction are used for this purpose. For example with

the reaction

p + γ → p + π0 → p + 2γ

52



6.3 Preliminary Analysis 6 RESULT

which has a big cross section and the energy of the pion is well known. If all com-

ponents have a linear gain, the overall gain can be fitted with a first order polynomial,

i.e. only one parameter is needed to describe the gain. If the preamplifier is strongly

nonlinear, a higher order polynomial would be needed to describe the gain.

Figure 28: Simplified readout schematic of the crystal barrel experiment

To perform a preliminary linearity test on the preamplifier, pairs of values were cre-

ated for each output of the preamplifier. Such a pair consists of the mean of the pulse

generator as the x-value and the mean of one channel of the preamplifier as the y-

value. The error was calculated as described in equation 11 for each point. This points

were plotted in a graph shown in figure 29.

Preamplifiers tend to become nonlinear for higher amplitudes. It was assumed that

this preamplifier will show the same effect. To make the non-linearity visible, a linear

function was fitted on the points with a low amplitude and then extrapolated over the

whole range. A quadratic function was fitted on all points. Its constant was set to the

constant of the linear fit, because they should have the same origin. In the case of

non-linearity the quadratic function should become smaller than the linear one for big-

ger amplitudes. Actually, the assumed non-linearity was not present. The quadratic fit

was not clearly smaller. On the contrary, depending on how many points were used for

the linear fit, sometimes the quadratic fit was even slightly bigger. Nevertheless it was

no pattern detectable showing a clearly positive or negative shape of the quadratic fit.

Therefore I decided to use another method to distinguish the linearity of the preampli-

fier. Using the correlation factor ρ one can give a statement about the linearity. The

correlation factor is defined as follows:

ρ =
cov (x , y )
σx · σy

(12)

where cov (x , y ) is the so called covariance of x and y. It is defined as:

cov (x , y ) =
1
n
·

n∑
i=1

(xi − x̄) · (yi − ȳ ) (13)

If |ρ| = 1, this means that the variables x and y are perfectly correlated linearly. If on

the other hand ρ = 0, this means that x and y are linearly independent [30].
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Figure 29: Linear fits

In the case of the fit shown in figure 29 the correlation factors are the following:

Correlation between the pulse generator and channel 1 of the preamplifier:

ρCH1 = 0.96153739

Correlation between the pulse generator and channel 2 of the preamplifier:

ρCH2 = 0.96153717

This means that the preamplifier‘s reaction to the pulses from the generator can be

considered almost linear. Figure 30 shows the relative deviation of the data points

from the linear fit in more detail. However, the deviation from the fully linear case is

rather small, just in the order of magnitude of 0.15%. This is acceptable, especially

because it is known the energy resolution of a CsI(Ti) is in the order of magnitude of a

few percent [1].
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Figure 30: Deviation from the linear fit

6.3.4 Gain

To make a statement about the gain of the preamplifier, the amplitude of every event

recorded from the preamplifier‘s outputs has to be divided by the amplitude of the ac-

cording input pulse from the generator. These values are then stored in the histograms

shown in figure 31. Such a histogram shows the distribution of the gain of the pream-

plifier over the full amplitude range. In an ideal and absolutely linear case, only one bin

should be populated, i.e. the distribution would be described by a δ-function. With an

actual resolution and a certain non-linearity the gain gets smeared out into a Gaussian

shaped distribution and is therefore fitted with a Gaussian bell curve. The expecta-

tion value of this curve should correlate with the slope of the linear fit in figure 29,

because they both describe the average gain of the preamplifier. This correlation is in

fact present as assumed. The two gain values vary only in the order of a few percent.

An interesting fact is, that the gain of channel one is different to the gain of channel two,

independent of the analysis method. This could either be due to the preamplifier itself

or due to a variance in the value of the coupling capacitors. The first case might be

more likely, because the difference in the gain between the two channels was present

in all tested coupling capacitors.

The preamplifier used in this test is a so called charge sensitive preamplifier. This

means that the gain should be denoted in the dimension voltage per charge [V
C ].

55



6.3 Preliminary Analysis 6 RESULT

Gain_C1
Entries  25974

Mean    1.207

RMS    0.0009232

LNP to FPGA ratio
1.202 1.204 1.206 1.208 1.21 1.212

0

1000

2000

3000

4000

5000

Entries  25974

Mean    1.207

RMS    0.0009232

 / ndf 2χ   1666 / 19

Constant  42.1±  4239 

Mean      0.000± 1.207 

Sigma     0.0000064± 0.0008388 

Gain of LNP CH1

Gain_C2
Entries  25974

Mean    1.242

RMS    0.0009056

LNP to FPGA ratio
1.238 1.24 1.242 1.244 1.246

0

500

1000

1500

2000

2500

3000

3500

4000

4500

Entries  25974

Mean    1.242

RMS    0.0009056

 / ndf 2χ  410.1 / 18

Constant  31.8±  4279 

Mean      0.000± 1.242 

Sigma     0.0000035± 0.0008739 

Gain of LNP CH2

Figure 31: Gain, i.e. ratio between the LNP signal and the FPGA signal

In this test the gain was always calculated as the ratio between the input and the

output voltage of the preamplifier, i.e. in the dimension [V
V ]. Using the equation 2 and a

value of 27µF for the capacitance of the coupling capacitor, one can calculate the gain

in the dimension [ V
pC ] (see table 6). According to the datasheet of the preamplifier the

typical value of the gain for a 50Ω terminated wire is 0.049 V
pC per channel [5].

Channel Method Gain [ V
V ] Gain [ V

pC ]

1
linear fit 1.2067 0.04469

input output ratio 1.207 0.04470

2
linear fit 1.2425 0.04601

input output ratio 1.242 0.04600

Table 6: Listing of the gain of the preamplifier using two different methods

56



REFERENCES REFERENCES

References

[1] http://www1.cb.uni-bonn.de/fileadmin/user_upload/internal/Poster/

Poster_DFGEvaluation_2008_A1_CBChapiCherenkov.pdf

[2] http://www1.cb.uni-bonn.de/fileadmin/user_upload/internal/Poster/

Poster_2011_EINN.UrbanMartin.pdf

[3] The CRYSTAL BARREL Collaboration ( E. Aker et al.), The Crystal Barrel Detector

at LEAR. Nucl. Instrum. Methods A321, 69, (1992), CERN-PPE/92-126

[4] Untersuchungen zu einer neuen Avalanche-Photodioden-Auslese für das

Crystal-Barrel-Kalorimeter, Christian Honisch (Bonn, HISKP), http://www1.

cb.uni-bonn.de/fileadmin/user_upload/internal/Diploma/DiplomaThesis_

2009_HonischChristian.pdf

[5] Datasheet, Crystal Barrel APD Preamplifier Dual StarrFlex SP 917E / REV 1.0,

Document Version 1.1, 27. February 2013 by Michael Steinacher

[6] Glenn F. Knoll, Radiation Detection and Measurement, fourth edition, John Wiley &

sons, inc, P. 302

[7] http://www.xilinx.com/support/documentation/sw_manuals/xilinx11/ise_c_

using_xst_for_synthesis.html

[8] http://www.xilinx.com/support/documentation/sw_manuals/xilinx11/ise_c_

implement_fpga_design.html

[9] Paul Horowitz & Winfield Hill, The Art o electronic, second edition, Cambridge uni-

versity press, P. 722 ff

[10] http://www.ideaconsulting.com/smv.pdf

[11] http://root.cern.ch/drupal/content/about

[12] http://root.cern.ch/TaligentDocs/TaligentOnline/DocumentRoot/1.0/

Docs/books/WM/WM_63.html#HEADING77

[13] http://de.wikipedia.org/wiki/Nuclear_Instrumentation_Standard

[14] Glenn F. Knoll, Radiation Detection and Measurement, fourth edition, John Wiley

& sons, inc, P. 801

[15] Lecture: Fundamental Digital Electronics by Martino Poggio, University of Basel,

FS2013

57

http://www1.cb.uni-bonn.de/fileadmin/user_upload/internal/Poster/Poster_DFGEvaluation_2008_A1_CBChapiCherenkov.pdf
http://www1.cb.uni-bonn.de/fileadmin/user_upload/internal/Poster/Poster_DFGEvaluation_2008_A1_CBChapiCherenkov.pdf
http://www1.cb.uni-bonn.de/fileadmin/user_upload/internal/Poster/Poster_2011_EINN.UrbanMartin.pdf
http://www1.cb.uni-bonn.de/fileadmin/user_upload/internal/Poster/Poster_2011_EINN.UrbanMartin.pdf
http://www1.cb.uni-bonn.de/fileadmin/user_upload/internal/Diploma/DiplomaThesis_2009_HonischChristian.pdf
http://www1.cb.uni-bonn.de/fileadmin/user_upload/internal/Diploma/DiplomaThesis_2009_HonischChristian.pdf
http://www1.cb.uni-bonn.de/fileadmin/user_upload/internal/Diploma/DiplomaThesis_2009_HonischChristian.pdf
http://www.xilinx.com/support/documentation/sw_manuals/xilinx11/ise_c_using_xst_for_synthesis.html
http://www.xilinx.com/support/documentation/sw_manuals/xilinx11/ise_c_using_xst_for_synthesis.html
http://www.xilinx.com/support/documentation/sw_manuals/xilinx11/ise_c_implement_fpga_design.html
http://www.xilinx.com/support/documentation/sw_manuals/xilinx11/ise_c_implement_fpga_design.html
 http://www.ideaconsulting.com/smv.pdf
http://root.cern.ch/drupal/content/about
http://root.cern.ch/TaligentDocs/TaligentOnline/DocumentRoot/1.0/Docs/books/WM/WM_63.html#HEADING77
http://root.cern.ch/TaligentDocs/TaligentOnline/DocumentRoot/1.0/Docs/books/WM/WM_63.html#HEADING77
http://de.wikipedia.org/wiki/Nuclear_Instrumentation_Standard


REFERENCES REFERENCES

[16] http://de.wikipedia.org/wiki/FPGA

[17] http://de.wikipedia.org/wiki/Anwendungsspezifische_integrierte_

Schaltung

[18] http://www.xilinx.com/support/documentation/data_sheets/ds312.pdf

[19] http://www.digilentinc.com/Data/Products/BASYS2/Basys2_sch.pdf

[20] http://www.digilentinc.com/Data/Products/BASYS2/Basys2_rm.pdf

[21] http://www.digchip.com/datasheets/download_datasheet.php?id=

1063105&part-number=XCF02&show=inline

[22] http://datasheets.maximintegrated.com/en/ds/MAX3232PMB1.pdf

[23] http://datasheets.maximintegrated.com/en/ds/MAX5216PMB1.pdf

[24] http://www.analog.com/library/analogDialogue/Anniversary/22.html

[25] http://www.ti.com/lit/ds/symlink/lm317l-n.pdf

[26] http://www.nxp.com/documents/data_sheet/74HC_HCT14.pdf

[27] http://www.fairchildsemi.com/ds/74/74AC14.pdf

[28] http://www.struck.de/sis3350.htm

[29] http://www.struck.de/sis3150usb.htm

[30] William R. Leo, Technique for Nuclear an Particle Physics Experiment, A How-

to Approach, Second Revised Edition, Springer-Verlag P. 83-84, 88-89, 95, 104,

106-107

[31] http://root.cern.ch/root/html/TH1.html#TH1:GetRMS

58

http://de.wikipedia.org/wiki/FPGA
http://de.wikipedia.org/wiki/Anwendungsspezifische_integrierte_Schaltung
http://de.wikipedia.org/wiki/Anwendungsspezifische_integrierte_Schaltung
http://www.xilinx.com/support/documentation/data_sheets/ds312.pdf
http://www.digilentinc.com/Data/Products/BASYS2/Basys2_sch.pdf
http://www.digilentinc.com/Data/Products/BASYS2/Basys2_rm.pdf
http://www.digchip.com/datasheets/download_datasheet.php?id=1063105&part-number=XCF02&show=inline
http://www.digchip.com/datasheets/download_datasheet.php?id=1063105&part-number=XCF02&show=inline
http://datasheets.maximintegrated.com/en/ds/MAX3232PMB1.pdf
http://datasheets.maximintegrated.com/en/ds/MAX5216PMB1.pdf
http://www.analog.com/library/analogDialogue/Anniversary/22.html
http://www.ti.com/lit/ds/symlink/lm317l-n.pdf
http://www.nxp.com/documents/data_sheet/74HC_HCT14.pdf
http://www.fairchildsemi.com/ds/74/74AC14.pdf
http://www.struck.de/sis3350.htm
http://www.struck.de/sis3150usb.htm
http://root.cern.ch/root/html/TH1.html#TH1:GetRMS

	Motivation
	The Low Noise Low Power Consumption  Preamplifier SP917e 
	The Test Setup
	Software
	The FPGA program
	Finite State Machines (FSM) and State Diagrams
	The Frequency Divider - module scaler
	The RS-232 protocol
	The RS-232 Sender - module uart_sender
	The RS323 Receiver - module uart_receiver
	The Max5216 SPI DAC - module max5216
	The Command Parser - module command_parser
	The Pulse Generator

	The ROOT program
	The controller class and its GUI
	The abstract class TLNPController
	The class TPulserController
	The class TGPulserController
	The class TGPulserControlElement
	The standalone GUI


	Hardware
	The FPGA Board - Basys2
	The Chip
	The Board

	Pmod Extensions
	The RS-232 Interface - MAX3232PMB1
	The Trigger Driver
	The DAC - MAX5216PMB1
	The Pulse Driver


	Result
	Time Jitter
	The Inverting Schmitt Trigger: 74AC14E vs 74HC14N
	Preliminary Analysis
	Data Acquisition
	Data quality
	Linearity
	Gain



